"Printing" robots and other complex devices through a process of origami-like folding is an emerging and promising manufacturing method due to the inherent simplicity and low cost of folding-based assembly. Folding is used in this class of device to create both complex static structures and flexure-based compliant mechanisms. Dependency on batteries to power these folds with no external wires is a hurdle to giving small-scale folding robots and devices functionality. We demonstrate a battery-free wireless folding method for dynamic multijoint structures, achieving addressable folding motions-both individual and collective folding-using only basic passive electronic components on the device. The method is based on electromagnetic power transmission and resonance selectivity for actuation of resistive shape memory alloy actuators without the need for physical connection or line of sight. We demonstrate the utility of this approach using two folded devices at different sizes using different circuit approaches.
INTRODUCTION
Several nascent subfields in robotics have arisen to address the need for low-cost manufacturing and mass customization. Examples include "printed" robots, pop-up fabrication techniques, and origamilike folding for the design of transformable devices (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In these areas, folding is the primary mechanism for construction and articulation (e.g., through compliant flexures) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Actuation of these folds is a challenge, and achieving folding without hard-wired connections would enable wireless construction and motion of these robots and devices. To date, the most common methods to achieve wireless folding for multiple independent joints involve an on-board battery and microcontroller (17, 25, 28) , whereas efforts to find alternatives are the subject of continuing research (29, 30) .
Wireless electromagnetic power transmission is an attractive solution to remove the limitations imposed by discrete batteries, especially for devices operating in enclosed places such as the human body (31) (32) (33) (34) (35) . It has been shown that by taking advantage of resonance, extreme performance improvements could be obtained in nonradiative wireless electromagnetic power transmission systems (36, 37) . Nevertheless, resonance phenomenon in electromagnetic power transmission systems has mostly focused on power. In contrast, the number of studies considering resonance for selective actuation purposes is still relatively limited (38) (39) (40) (41) (42) (43) . Previously, wireless and selective actuation of multiple shape memory alloy (SMA) actuators was shown to be successful, with actuators of millimeter to centimeter sizes exhibiting submillimeter displacements, achieving single and simultaneous excitations (39, 40) . It has also been shown that wireless and selective actuation of SMA springs can be used for paper folding applications with a focus on relatively large scales and single actuations at a time (42, 43) .
Here, we demonstrate wireless folding of devices with multiple degrees of freedom (DOFs) at millimeter to centimeter scales. The method is based on electromagnetic power transmission and resonancebased selectivity. The method neither requires physical contact nor line of sight, and folding is accomplished using coil SMA actuators that act as the electrical load (11, 25, 44, 45) . The SMA actuator is widely used and suitable for small-scale robots in terms of high energy density (~2 kJ/kg) with reasonable power range (~1 kW/kg) (46) . However, SMA is plagued by low efficiency (1 to 5%) due to the thermal nature of the phase change (46) , therefore limiting the lifetime of battery operation. In this study, the use of a wireless external power source resolves the battery issue for SMA actuators-in this case, the low efficiency of the SMA actuator does not preclude its use.
The receiver circuits use only basic passive electronic components and do not have any on-board power or control. SMA actuators can be activated individually or in groups, ideally independent of whether other actuators are active or not. A diagram illustrating the wireless power transmission concept can be seen in Fig. 1 . The method is demonstrated at two different scales (Fig. 2) , and associated control circuitry is designed with slightly different approaches. At the larger scale, the resonators are used only for selectivity, whereas a large single coil is used to couple to the external field. Using a single common coupling coil helps the device to be invulnerable to possible nonuniformity in the external field. At a smaller scale, the resonators are used for both selectivity and to couple to the external magnetic field. The approach used in the receiver circuit makes it suitable to drive actuators with low resistances, such as SMA actuators with short lengths and/or high force outputs. The current version of this device, together with all electrical components integrated, weighs 0.8 g.
RESULTS

Circuit design
For the large-and small-scale devices, two slightly different circuitries are used. The circuit diagram and its implementation for the large folding structure can be seen in Figs. 2 and 3 . The device is placed in a time-varying magnetic field, and a voltage is induced on the coupling coil according to Faraday's law. The spiral coil can be approximated as a group of circles, and the induced voltage in the phasor domain can be found by the following expression:
where N is the number of turns in the spiral, j is the unit imaginary number,  = 2f, and f is the frequency of the field.  i is the magnetic flux through the surface S i enclosed by the ith circle and given by
where B is the magnetic flux density, dA is the differential area vector, and the surface integration is done over S i .  i and B are also phasor domain expressions.
The coupling coil is connected to a circuit composed of inductors, capacitors, and SMA actuators as resistive elements. Addressing the SMA actuators in the circuit is accomplished by means of inductorcapacitor (LC) resonators. The resonance frequency f res and the impedance Z of a series LC resonator can be calculated using the following equations:
where R is the resistance, L is the inductance, and C is the capacitance of the resonator. Series LC resonators with different capacitances, therefore with different resonance frequencies, are connected to SMA actuators in series. When the frequency of the applied field is close to the resonance frequency of a series LC resonator, the impedance of the corresponding LC circuit decreases, and the current through the SMA connected to it increases substantially.
In Fig. 3A , L 0 and R 0 are the inductance and resistance, respectively, of the planar spiral coil used to couple to the external magnetic field. V 0 represents the voltage induced by the external field. L 1 , L 2 , and L 3 are the inductances, and C 1 , C 2 , and C 3 are the capaci tances used to form LC resonators. R 1 , R 2 , and R 3 are the total resistances due to the corresponding inductors and capacitors, whereas R′ 1 , R′ 2 , and R′ 3 are the resistances of the SMAs. All the inductances and resistances are kept approximately equal in the LC resonators, and the difference between the resonators is obtained by using different capacitances (C 1 , C 2 , and C 3 ). Coupling of L 1 , L 2 , and L 3 to the external field is neglected. All mutual couplings between L 1 , L 2 , and L 3 are also neglected. The experimental and analytical frequency responses of the SMAs can be seen in Fig. 4A . Because SMAs are activated by the heat produced by electrical current-proportional to the square of the current passing through them-the square of the current is plotted in Fig. 4A rather than the current itself. During the experimental frequency sweep, the voltage on the SMAs and the voltage induced on a reference coil are measured simultaneously to monitor the external field, and the observed induced voltage is approximately constant over the relevant frequency range. Analytical calculations use the inductance, capacitance, and resistance values obtained by fitting the mathematical model of the circuit to measurements. The numerical values are given in Materials and Methods. Figure 4B shows how strong the maximum current is compared to the currents in the other two resonators. The ratios of the first and the second maximums of the square of the currents through the three resonators are plotted as a measure of selectivity. The frequencies corresponding to the peaks in Fig. 4B are near the resonance frequencies seen in Fig. 4A .
The working principle of the smaller-scale device is similar to the large one. However, in this version, the resonators are used for both selectivity and coupling to the external field. The circuit diagram used for the small-scale structure and its implementation can be seen in Figs. 2 and 3. All the resonators are composed of a coil, a capacitor, and an SMA actuator. The numerical values are given in Materials and Methods. At small scales, the small coil surface area puts a considerable limit on received power. This is particularly true when the actuator force stays relatively high and independent of size. In these cases, maximizing received power becomes critical. This maximization can be done by varying the geometry of the coils and/or by choice of operation frequency, considering particular requirements in an application, such as safety regulations, hardware limitations, minimum coil wire thickness (determined by the load), etc. For a given frequency and wire thickness, the received power can be increased by increasing the number of turns in a coil if there is room, keeping the self-resonant frequency of the coil and loss factors, such as proximity effects, in mind. Small SMA actuators with relatively high forces tend to have low resistances and low voltage requirements (in the small-scale device shown here, they are about 2.1 ohms and 0.4 V, respectively). These values can be even lower if an application does not require large strokes, if a device with a smaller size equipped with actuators having relatively high-output forces is desired, or if more efficient shorter SMA actuator designs are used. When these tendencies in coil geometry and actuator resistances are considered, the adopted series connection in the resonators brings some benefits: It is suitable for situations in which load resistances are low compared to coil impedances, and an increase in the number of turns in the receiver coils for a given frequency and wire thickness (remembering loss factors such as proximity effects and selfresonant frequency of coils) is in accordance with selectivity and power transfer capacity. The currents in the resonators with respect to frequency are plotted in Fig. 4C , both experimentally and analytically. Figure 4D shows the selectivity of the resonators in the small device. Although the resonators do not carry equal currents at their peaks due to unequal excitations and the variations in loss terms, sufficiently high selectivity enables proper operation of the device.
Self-folding laminate structure
As a basic multijoint folding device, a tetrahedron-like pattern is designed to test the wirelessly powered self-folding technique. The folding pattern is composed of four identical triangles. Three triangles surround one center triangle and are connected to the three edges of the center triangle via compliant flexures. This design is chosen for simplicity while having several "arms" that can be folded independently to demonstrate the ability to control individual DOFs wirelessly. On the basis of this basic design, the folding structure is constructed as a laminate of rigid and compliant layers using the smart composite microstructure process (47) . The flexure hinge is a laminated sheet consisting of a single flexible film layer between two rigid composite layers bonded with film adhesives layers, as shown in Fig. 5 . The rigid composite layer becomes the faces of the folding structure, and the exposed flexible film acts as compliant flexures. The large difference of bending stiffness between the rigid composite sheet and the flexible film makes distinct folding lines. This structure is also widely used as a linkage mechanism in small-scale robots by using folding lines as joint between rigid links (48) (49) (50) (51) .
The five layers include rigid outer sheets, film adhesives, and a compliant flexure film, which are laminated by a heat press as shown in Fig. 5A . The rigid sheets are a glass fiber composite (FR4) in the small-scale structure and a thick polyester film (thickness, 250 m) for the large-scale structure. The adhesive film is a hot mount adhesive (part number 9300712, GBC Inc.), which can be conveniently applied using a thermal laminator. The flexure film is a thin polyester film (thickness, 12.5 m). The flexure hinge is approximated as a pin joint in parallel with a torsional spring. The spring constant of the flexure is derived from the simple beam bending theory and estimated as
, where E is the Young's modulus of the film material (2.5 GPa for polyester), w is the width, t is the thickness, and l is the gap distance of the flexure hinge. The estimated rotational stiffnesses of the flexure hinges and the maximum required torque are listed in Materials and Methods.
The structure uses a coil SMA actuator at each folding hinge to generate torque for folding. SMA actuators exhibit high energy density [up to about 2 kJ/kg (46)], making them suitable for small scales and low-profile structures. In this study, customized coil SMAs are fabricated to achieve a specific force and stroke for the folding structure. Because the required torque to fold the small structure is relatively small, the first design consideration for the coil SMA is the ability to achieve sufficient displacement required for folding. On the other hand, the length of the coil SMA actuators is desired to be short to keep the power requirements low by keeping the resistances low. A coil structure, using a 100-m-diameter SMA wire (Dynalloy Inc.), is used to trade the high force from the wire for large displacements. The small wire diameter allows the actuator to cool quickly when current is removed. The coil diameter is 1.1 mm, which is made by winding around a 1-mm core. Leveraging a simplified mechanical model of the coil (45) , an actuator with a single turn, is predicted to achieve a maximum force of 0.3 N and a maximum actuation stroke of 2 mm. The maximum torque that the SMA actuator (the small-scale structure) generates is 0.15 mN·m with a moment arm of 0.5 mm.
To guarantee sufficient stroke and force, we attached a parallel pair of three turn SMA coils producing an actuation distance of 6 mm to the small-scale folding structure, as shown in Fig. 5 . A coil SMA actuator for the large-scale structure is designed in a similar way. The wire diameter is 200 m, and the coil diameter is 1.6 mm, which produces a maximum force of 0.6 N and an actuation stroke of 15 mm. The maximum torque that the SMA actuator (the largescale structure) generates is 1.2 mN·m with a moment arm of 2 mm. The workspace of the robot is determined by the design of the SMA actuator and the folding pattern. The resulting structure is highly compliant and back-drivable. This may impose challenges for precise control but brings benefits for applications involving the manipulation of delicate structures. A variety of motions types can be obtained by combining several actuators for selective or collective actuations, as demonstrated in this prototype.
The origami folding structure is highly scalable-we are able to make structures in various scales from millimeter to meter scales with an identical folding pattern, although the detailed layer design needs to be tuned depending on the thickness of the structure. For these demonstrations, we built folding structures in two different scales. The larger one has 12-cm folding lines, the smaller one has 1.7-cm folding lines that are seven times smaller than the larger one, and they have the same folding pattern as shown in Fig. 2 . However, flexure scaling is adjusted with the thickness of the laminate such that the flexure has the appropriate compliance. The small-scale structure has a 0.4-mm gap distance that is sufficient to avoid interfering during folding of the rigid layer (0.125-mm-thick glass fiber composite), and the large-scale structure has a 0.6-mm gap distance for the 0.25-mm-thick polyester.
Wireless folding
Folding is achieved through heating the SMAs by electrical current. By setting the frequency of the applied external magnetic field close to the resonance frequency of one of the LC resonators, it is possible to activate only the corresponding actuator, and therefore, folding occurs only at the joint where this actuator is connected. To fold at multiple joints simultaneously, the external field needs to contain multiple frequencies. This can be done by either rapidly switching between these frequencies [i.e., by frequency modulation (39, 40) ] or superposing the sine waves of these frequencies. Because the actuation of SMA is thermally triggered, one must look into the power dissipated on the SMA actuators to compare these two methods.
In the frequency modulation method, SMA actuators do not continuously carry current (assuming that they carry current only at the associated resonance frequency of that branch of the circuit). If there are n identical SMA actuators to be actuated simultaneously, then the time allocated for an SMA actuator decreases by n times compared to the single continuous excitation, assuming equal time distribution. Therefore, the peak field strength must increase by √ __ n to keep the average power constant (ignoring any variations in actuator power requirements due to the discontinuities in their excitation signals) because the power is proportional to the square of the current. If the superposition method is adopted, then the SMA actuators can carry current continuously at their corresponding resonance frequencies, and individual field strengths remain the same as in a single excitation, but the peak field strength increases to the sum of the peak values in single excitations. Hence, in our experiments, the frequency modulation method is used to keep the peak field requirements low. Figure 6 illustrates the magnetic field applied to fold all three joints. The frequencies of the applied sine waves are about 32, 48, and 67 kHz for the large device. In the experiments, signals are applied with 1/600-s periodicity, and both amplitudes (A 1 , A 2 , and A 3 ) and the duration of each frequency during a period (t 1 , t 2 , and t 3 ) can be controlled. Amplitudes and durations are determined experimentally. By setting the amplitude of any signal to its determined excitation value or to zero, the corresponding SMA can be activated or left inactive, respectively. This enables nearly independent control of folding at all joints as seen in Fig. 7A for the large device. All these cases can be seen in movie S1. The frequency of repeating motions by means of activating and deactivating is limited mainly by the cooling time of the SMAs. The same excitation method is applied to the actuation of the small-scale device using frequencies of about 59, 79, and 113 kHz. The selective and collective folding capabilities of the small device are shown in Fig. 7B and movie S2.
DISCUSSION
This study demonstrates a method for selective wireless folding of multijoint structures achieving all folding combinations but with the absence of on-board power and control. The demonstrations are done at two different size scales and use two different circuit design approaches.
The method is based on wireless electromagnetic power transmission and selective excitation by LC resonances without the need for physical connection or line of sight. At the large scale, the device is sourced by an additional coil coupled to the external magnetic field, whereas at the small scale, the resonators are used both for coupling to the external field and selectivity. The method removes the need for on-board power and control to coordinate actuation for folding [i.e., as in (19) ]. It enables controlled wireless shape modification in folding-based structures and can provide motion in origami robots by selective folding and unfolding at different joints. These features resolve many problems caused by volumetric limitations in smallscale origami devices/robots, which are not able to carry large batteries or operate for long durations. Figure 8 shows a battery-free microorigami robotic arm as a demonstration of the methods presented in this paper (see also movies S3 and S4 and figs. S4 and S5). This robotic arm has two origami-like components. One is an adaptive gripper that was introduced in a modular folded laminated robot (52) , and the other is a spherical six-bar origami pattern that has been used in various origami robots (45, 53) . The robotic arm has three coil SMA actuators: two for the arm and one to control the gripper. Selective actuation of the two actuators at each side of two spherical six-bar origami patterns turns the origami robotic arm to the left or right. Activation of both actuators produces a pitching motion. The actuation of the SMA connected to the gripper generates folding at the gripper's flexure joints, resulting in the gripper opening from its normally closed configuration. The arm also includes a permanent magnet on it for positioning and anchoring (54) . Details about the external magnetic field, electronic circuitry in the device, and the mechanical characteristics of the arm and the gripper can be found in Materials and Methods. A wireless "ship in a bottle" can also be seen in fig. S6 and movie S5 as an additional demonstration. Although it is necessary to redesign the devices and the external excitation considering specifications of particular applications (e.g., size limitations, safety regulations, constraints on the orientation and geometry of transmitter and receiver coils, etc.), we believe that these demonstrations illustrate the viability of collections of wirelessly powered and controlled functional origami robots and devices. One potential use involves origami-based medical devices operating remotely inside the human body without the need for energy storage or control electronics.
Further miniaturization and improvements leading to decreased external magnetic field strength are the subject of future studies that will build on the initial demonstrations presented here. Moreover, modifications that expand to different frequency ranges, increase the working area provided by the external magnetic field setup (see Materials and Methods), and enable orientation-independent operation also deserve further exploration.
MATERIALS AND METHODS
External magnetic field
A planar spiral coil was used as a source coil. Approximate values of turn number, inner radius, and outer radius are 9, 0.94, and 3.3 cm, respectively. How the axial component of the magnetic flux density, B x , changes with axial distance and radial distance can be seen in fig.  S1 . This is the component of magnetic flux density inducing voltage on the receiver coils. Figure S2 illustrates the radial and axial variation of B x in more detail along three selected lines: the axis of the coil and two lines perpendicular to the axis at different distances. The magnetic flux density B x shown was calculated for a current of 3.5 A and approximating the spiral coil as a combination of circular current loops. The magnetic flux density necessary to actuate the small triangular device is found to be on the order of 0.7 to 0.8 mT by the field calculations and experimental observations. The average magnetic flux density values necessary for the operation of the large device are calculated to be on the order of several milliteslas.
Power considerations
In the larger device, the ratio of the electrical power dissipated on SMA actuators to the total dissipated power in the device is calculated to be between 10 and 20% in the actuation process. In the smaller device, this ratio is between 35 and 50%. The electrical power delivered to SMA actuators in the larger device during actuation is 0.9 to 1.5 W, and it is 84 mW in the smaller device. It is assumed that necessary current values to actuate the SMA actuators are 660 and 200 mA in the larger and smaller device, respectively (www.dynalloy.com).
Circuit details
The values of L 0 and R 0 in the larger device are about 7 H (kg m 2 s −2 A −2 ) and 3.5 ohms, respectively. The values of L 1 , C 1 , and R tot,1 (total resistance in the resonator 1); L 2 , C 2 , and R tot,2 (total resistance in the resonator 2); and L 3 , C 3 , and R tot,3 (total resistance in the resonator 3) in the larger and smaller devices can be seen in Table 1 . The values are obtained by fitting analytical models of the circuits to experimental results. An important term quantifying resonators is the quality factor (Q) because a larger Q means greater selectivity and lower bandwidth, allowing for more channels in a given frequency band. The quality factors (Q) and the resonance frequencies of the resonators can be seen in Table 2 . The resonance frequencies are calculated by 1 / (2 √ _ LC ) , and the quality factors are calculated by ( 1 / R ) ⋅ √ ____ L / C for isolated resonators; therefore, they are slightly different from the resonance frequencies of the complete circuit in the larger device and all mutual couplings are ignored. The frequencies used in the actuation of the devices are close to the peaks in the characterization data collected at low power levels (Fig. 4) , and the final values of the frequencies used in the actuation were determined experimentally based on the operation of the folding device and the capabilities of our setup at power levels, which are high enough to actuate folding.
In the robotic arm demonstration, commercially available 470-H inductors with magnetic cores are connected with capacitors and SMA actuators in series, similar to the smaller folding device. The capacitance values in the resonators of the robotic arm are about 2.35, 3.3, and 4.7 nF. The final actuation frequencies of the resonators are found by placing a small nonmagnetic coil in the vicinity of each resonator and observing the induced voltage on the coil by sweeping the frequency of the external field. The approximate external magnetic field frequencies used for actuation are 106 kHz for the gripper and 126 and 151 kHz for the arm. The resistances of the SMA actuators in the arm are about 2.5 ohms, and the resistance of the gripper actuator is measured to be about 2 ohms. Whereas the diameter of the wire used in the arm actuators is 100 m, the gripper actuator wire has a diameter of 150 m. Figure S3 shows the folding pattern including lines for folding and cutting. Upon actuation, the two-dimensional (2D) structure is folded into a 3D tetrahedron-like structure. Small triangle structures in the outer triangular faces act as moment arms to allow the linear actuators to generate folding torques. This structure is also used as a stop to control the maximum folding angle. Details of the flexure hinges and the SMA actuators in the triangular folding devices are given in Tables 3 and 4 . The SMA actuators used in the arm are similar to the actuators in the smaller triangular device. Therefore, similar actuation forces can be assumed in the smaller triangular device. The design of the robotic arm is not optimized for load capacity. The maximum holding force of the origami gripper is about 0.25 N and depends on the object size and shape (52) . The lifting force of the arm is estimated to be on the order of 7.5 mN from the folding torque of the actuator (0.15 mN·m), and the distance to the gripper is 2 cm.
Folding structure details
To generate cut patterns for each layer, we used PopupCAD (55, 56) , a software developed to assist in the design of folded composite structures. Using PopupCAD, the detailed cut lines are generated, as shown in figs. S3 and S4. The fold lines have a castellated pattern to minimize off-axis deformation in the flexures (3).
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